Abstract: A simple and robust testing system based on a laser self-mixing grating interferometer (SMGI) is proposed to determine the sensitivity of accelerometers. Self-mixing grating interference occurs when the light emitted from a laser diode is incident onto a reflective grating at a fixed angle and the first-order diffracted light returns back into the laser cavity. Frequency ratio method and minimum point method that are officially used to calibrate accelerometers are modified to make it suitable to an SMGI testing system. In order to evaluate the performance of the proposed method, the sensitivity of a commercial microelectromechanical system accelerometer was tested at different vibration frequency. The obtained results show good agreement with the sensitivity given by the manufacturer's specification. Given its stability, simplicity, and efficiency, the proposed system has the potential to be adopted as an alternative method to test accelerometers for industrial applications.
Introduction
Laser self-mixing interferometer (SMI), owing to its unique compactness and cost-effectiveness has attracted more and more attention [1] - [7] . As same as the conventional two-beam interferometers, the measurement standard of SMI is the laser wavelength. Both the light source and the environment must be strictly controlled to guarantee the wavelength stability during the measurement. By introducing a diffraction grating in SMI, we have reported a novel self-mixing grating interferometer (SMGI) [8] . SMGI adopts the grating pitch rather than the wavelength as the measuring standard, reducing the measurement error caused by the wavelength undulation and providing better immunity against environmental disturbances. Furthermore, it does not require an optical attenuator to control the optical feedback strength due to the limitation of the diffraction efficiency. In a word, the low-cost SMGI has the advantages of high accuracy, simple mechanical structure, and good reliability.
Accelerometers have been frequently used to ensure the safety of commercial products in industry. The demand for safety evaluations or mechanical control using accelerometers is increasing every year because of remarkable progress in microelectromechanical systems (MEMS) technology. As known, calibration of a sensor is very important since it is the only way to ensure a predictable quality of delivered information. To calibrate an accelerometer is to determine its sensitivity which is defined as the ratio of the electrical output from the accelerometer to the acceleration applied to it. Accelerometer calibration is classified as either primary or secondary. Primary calibrations are performed by National Metrology Institutes (NMI) using a traceable system, mostly based on a heterodyne interferometry or homodyne quadrature interferometer [9] . It is not performed on routine or production basis because the optical structure is very complicated and costly. And the environmental conditions have to be strictly controlled during the calibration. In a secondary, the unit under test (UUT) is mounted to a back-to-back reference accelerometer which has been calibrated by a primary method [10] . Calibration is performed by comparing the output of the UUT against the output of the reference accelerometer. Since the secondary method is not traceable, the accuracy and the stability of the test cannot be guaranteed.
In this paper, we develop a robust, simple and inexpensive traceable SMGI system to test accelerometers. When accelerometers are calibrated at NMI, frequency ratio method (FRM) and minimum point method (MPM) are in official used to determine the sensitivity [11] . Here we modify these two methods and make it suitable to test accelerometers based on a SMGI system. In order to evaluate the performance of the proposed system, several tests have been conducted with a commercial MEMS accelerometer. Testing results show that the proposed method can effectively determine the sensitivity of an accelerometer with high accuracy and low uncertainty. Given its simplicity and efficiency, the proposed method has the potential to be adopted as an alternative method to perform accelerometer testing for industrial applications.
Laser Self-Mixing Grating Interferometer (SMGI)

Grating Doppler Effect
As shown in Fig. 1 , when a laser beam with frequency f 0 propagates onto a moving grating, the frequency shift between the incident light I (f 0 ) and the qth order diffracted light O (f q ) is determined by the Doppler Effect and the diffraction law:
Where v is the grating velocity; c is the light speed in vacuum; q is the diffraction order. θ i is the incident angle of the laser beam; θ q is the qth order diffraction angles; d is the grating pitch; λ is the laser wavelength. Then frequency shift is simplified as:
It can be seen that the frequency shift f caused by the grating Doppler Effect is insensitive to the incident direction. 
Self-Mixing Grating Interferometer
The schematic diagram of a SMGI system is shown in Fig. 2 . It only consists of a laser diode and a reflective holographic grating. A beam emitted from the laser diode (wavelength denoted by λ) is incident onto the grating (pitch denoted as d) with a fixed angle θ i . The 1st order diffraction beam returns back along the original path of the incident beam and re-enters the laser active cavity, generating a modulation of both the amplitude and the frequency of the lasing field, self-mixing effect occurs. The interference signal is monitored by the photodetector in the LD package. According to the diffraction law in (2), the incident angle θ i can be determined by:
Due to the limitation of the diffraction efficiency, the feedback light to the laser diode can be kept at week level. Unlike a traditional SMI, this configuration no longer needs an external attenuator to control the feedback level which can make the system more compact. From (4), it can be seen that the phase change of the 1st order diffracted beam due to the displacement of the grating x(t) = vt can be given by:
According to self-mixing effect, a change in feedback light phase will cause the change in both laser intensity and its frequency [12] . The system model for the proposed SMGI can be summarized as follows:
Where τ is the external cavity round-trip time, I 0 is the laser output intensity without feedback; ω and ω 0 are the angular frequency of the laser with and without feedback, respectively; C is the optical feedback strength; m represents the modulation coefficient. Fig. 3 shows the simulation results of the proposed SMGI. Fig. 3(a) presents the simulated sinusoidal displacement of the grating (d = 0.83 μm) with amplitude at 12 μm peak to peak. Fig. 3(b) shows the corresponding SMGI signal. It can be seen that the output signal of SMGI is a repetitive function with one period corresponding to displacement "d" of the grating, and the inclination of the signal depends on the direction of the grating movement.
It can be seen that SMGI adopts the grating pitch as the measurement standard, reducing the measurement error caused by the wavelength undulation and providing good immunity against environmental disturbances. Furthermore, it does not require an optical attenuator to control the optical feedback strength due to the limitation of the diffraction efficiency. 
MEMS Accelerometer Testing
To evaluate the proposed testing system based on SMGI, several tests have been conducted with a commercial MEMS accelerometer. When accelerometers are calibrated at NIM, a complicated heterodyne interferometer or homodyne quadrature interferometer is used and sinusoidal vibration is applied to the accelerometer along its sensitive axis using a vibration exciter. Frequency ratio method (FRM) and minimum point method (MPM) are used to extract acceleration from the interference signal accurately [11] . The electrical output from the accelerometer is simultaneous measured. FRM is applied in the vibration frequency range below 800 Hz and MPM is intended for sensitivity testing in the frequency over 800 Hz. Here we modify the two methods and make it suitable to test an accelerometer based on SMGI system.
Testing System
The Schematic diagram of an accelerometer testing system based on SMGI is shown in Fig. 4 . A laser diode (HL6320G, 10 mW, 635 nm) is used as the light source. The laser beam is incident onto a reflective holographic grating (GH25-12V, Thorlabs, d = 0.83 μm) with incident angle θ i = 22.4
• . Then the 1st order diffracted beam returns back into the laser cavity, self-mixing interference effect occurs. The interference signal is monitored by the built-in photodetector of the laser diode. Both the grating and the MEMS accelerometer (ADXL001) under test are fixed on a vibration exciter (B&K 4810) which is driven by a power amplifier (B&K 2718). According to the manufacturer's specification, the sensitivity of the accelerometer is 24.2 mV/g when it operates at voltage supply of 5V. 
Testing Principle and Testing Results
FRM Method:
When the vibration frequency of the exciter is less than 800 Hz, FRM method can be used to extract acceleration from the SMGI signal. Assuming that the exciter vibrates as x = x 0 sin 2πf 0 t, phase change due to the movement of the grating is determined by:
Substituting (9) into (8), the SMGI signal can be expressed as:
Where ϕ 0 = ωτ is the initial phase of the SMGI signal. During the test, the frequency of the vibration exciter is fixed to f 0 . By adjusting the amplitude of the vibration exciter, different acceleration a can be obtained. The acceleration a, expressed in term of g (g = 9.81m/s 2 ), can be obtained by [9] :
Where R f = f I / f 0 is the ratio of the average frequency of the SMGI signal (denoted as f I ) to the frequency of the vibration exciter (denoted as f 0 ). Then the sensitivity of the accelerometer can be determined by:
Where a is the acceleration measured by the SMGI system. V is the amplitude of the sinusoidal voltage output from the accelerometer.
As seen in (11), the acceleration obtained depends on the grating pitch d but not the laser wavelength λ. The grating pitch can be manufactured with high accuracy and it is not disturbed by temperature, humidity, air pressure and air flow in the environment. Hence we say the proposed testing system is more robust compared to the conventional two beam interferometers and traditional SMI. It has low requirements for testing environment and it is very suitable for industrial applications. Fig. 5 presents one of the obtained SMGI signal during test when vibration frequency of the exciter is 200 Hz. Fig. 6 shows the testing results of the accelerometer when vibration frequency is 200 Hz. The average value of the ten tests is a = 24.22 mV/g and the standard deviation is σ = 0.1 mV/g. Fig. 7 presents the sensitivity testing results of the accelerometer in frequency range 100 Hz ∼ 800 Hz. Ten tests have been made for each frequency and their statistical distribution is analyzed. The squares in Fig. 7 represent the average values of a and the error bars represent the standard deviation σ. The maximum standard deviation in Fig. 7 is σ max = 0.2 mV/g. 
MPM Method:
When the frequency of the vibration exciter is over 800 Hz, the minimum point method is used to determine the sensitivity of an accelerometer. Expanding (10) in a Fourier series: (13) is monitored, and the vibration amplitude x 0 is adjusted to a level at which the monitored frequency component is zero, the acceleration a can be calculated. During our test, the amplitude of the vibration exciter x 0 is adjusted to zero the first harmonic component of the interference signal. By solving the function J 1 (ϕ) = 0, ϕ k can be obtained which is the kth root of the first order Bessel function. Fig. 8 shows the simulation results of the first order Bessel function. We can calculate the acceleration a which is expressed in terms of 'g' as follows:
Fig . 9 presents one of the observed spectrum of interference signal with the first harmonic zero when the vibration frequency f 0 = 1450 Hz. Fig. 10 shows the sensitivity of ten measurements when vibration frequency is 1450 Hz. The average sensitivity is a = 24.28 mV/g and the standard deviation is σ = 0.09 mV/g. Fig. 11 shows the sensitivity testing results of the accelerometer in the frequency range 950 Hz ∼1650 Hz. Also ten tests have been made for each frequency and their statistical distribution is analyzed. The squares in Fig. 11 represent the average sensitivity of ten tests and the error bars represent the standard deviation σ. The maximum standard deviation in Fig. 11 is σ max = 0.18 mV/g. From above testing results, it can be seen that the obtained sensitivity show good agreement with the sensitivity given by the manufacturer's specification. Given its simplicity, stability and efficiency, the proposed system has the potential to be adopted as an alternative method to test the accelerometers for industrial application.
Conclusion
A new accelerometer testing system based on SMGI is presented in this paper. The sensitivity of a commercial MEMS accelerometer was tested at different vibration frequency to evaluate the capacity of the proposed method. The obtained testing results show good agreement with the sensitivity given by the manufacturer's specification which is 24.2 mV/g. More accurate testing results can be obtained by carefully refining the system's electronics and mechanics. The technique is especially suitable for industrial application due to its high accuracy, simple mechanical structure, and good stability.
